Background: Os odontoideum is a well identified anomaly of the craniovertebral junction. Since its initial description, there has been a continuous debate regarding the nature of its etiology: Whether congenital or traumatic. We sought to compare the gene expression profiles in patients with congenital os odontoideum, those with traumatic os odontoideum and controls. Methods: We have evaluated a pair of identical twins both with os odontoideum. We identified two additional patients with and four subjects without os odontoideum. We analyzed the gene expression profiles in these patients using a custom TaqMan microarray and quantitative reverse transcriptase polymerase chain reaction (qRT-PCR). The relative gene expression profiles in the two identical twins, the two nontwin patients with os odontoideum and the controls were assessed. Results: A total of 213 genes with significantly different expression between the twin os odontoideum patients and the subjects without os odontoideum were detected. CACNG6, PHEX, CACNAD3, IL2, FAS, TUFT1, KIT, TGFBR2, and IGF2 were expressed at levels greater than 100-fold more in the twins. There were six genes with significantly different expression profiles in the twins as compared with the nontwin os odontoideum patients: CMK4, ATF1, PLCG1, TAB1, E2F3, and ATF4. There were no statistically significant differences in gene expression in the four patients with os odontoideum and the subjects without. Trends, however, were noted in MMP8, KIT, HIF1A, CREB3, PWHAZ, TGFBR1, NFKB2, FGFR1, IPO8, STAT1, COL1A1, and BMP3. Conclusions: Os odontoideum has multiple etiologies, both traumatic and congenital and perhaps some represent a combination of the two. This work has identified a number of genes that show increased expression in a pair of twins with congenital os odontoideum and also demonstrates trends in gene expression profiles between a larger group of os odontoideum patients and non-os patients. A number of these genes are related to bone morphogenesis and maintenance.
INTRODUCTION
Os odontoideum is a well-defined anatomic anomaly consisting of a smooth ossicle of bone separated from a shortened odontoid process. [1] The incidence and prevalence of os odontoideum is unknown. This entity was first described in 1886 by Giacomini, which has been followed by numerous publications debating its etiology. Two theories-congenital and traumatic-dominate the discussion. A recent review by Arvin et al. [3] provides an excellent discussion of the regional embryology and anatomy as related to the pathogenesis of os odontoideum. The congenital hypothesis is founded on the principle that the os odontoideum is a segmental defect, which represents a failed fusion of the odontoid and C2 vertebral body. [8] Conversely, the traumatic hypothesis considers the os odontoideum an acquired pathology resulting from avascular necrosis following an odontoid fracture. [11] The congenital hypothesis is supported by reports of identical twins both with os odontoideum [18] and two separate communications of families with an autosomal dominant inheritance pattern of os odontoideum. [26, 43] Support of the traumatic hypothesis comes from the observation of a pair of identical twins one with os and one without [40] and from 13 patients reported in the literature who had radiographic documentation of a normal odontoid and subsequently acquired os odontoideum after a trauma. [11] [12] [13] 31, 35, 37, 42, 48] In this manuscript we describe the genetic features of two identical male twins both with os odontoideum, their family members, other patients with traumatic os odontoideum, and control patients without an os odontoideum.
MATERIALS AND METHODS

Patients and study design
IRB approval was obtained from Rush University Medical Center and informed consent was obtained from participants.
Two 20-year-old identical male twins were evaluated in the neurosurgery clinic at Rush University Medical Center. Neither twin had a significant history of trauma and both were active collegiate water-polo players. The clinical presentation was related to neck pain in one of the twins. Imaging revealed an os odontoideum. Flexion-extension imaging revealed an orthotopic os odontoideum with gross instability. Given this finding his brother underwent similar evaluation with comparable results. Preoperative cervical spine films are shown in Figures 1 and 2 .
Two additional, unrelated patients with an os odontoideum were subsequently treated. The first was a 49-year-old female who had a prior history of occipitocervical fusion at an outside hospital. She initially presented with hardware failure, pseudoarthrosis, and a wound infection. She did have a remote history of significant head trauma. Imaging revealed an os odontoideum, a C2-3 Klippel-Feil anomaly and a kyphotic deformity [ Figure 3 ]. She ultimately underwent revision of her occipitocervical fusion. The second nontwin os patient was a 53-year-old female with neck pain and myelopathy. Imaging studies revealed an unstable os odontoideum with cord compression at C1 [ Figure 4 ]. She was treated with a C1-laminectomy and an instrumented atlanto-axial fusion.
Four subjects with prior cervical spine radiography that clearly demonstrated normal craniovertebral junction (CVJ) anatomy-absence of os odontoideum or other congenital anomaly-were identified to serve as controls. One of these subjects was the biological mother of the identical twins with os odontoideum. This control group included a 52-year-old female, an 87-year-old female, a 49-year-old male, and a 59-year-old female.
Comparisons were utilized in a case-control model and included relative gene expression levels between the identical twins with os odontoideum and the controls without os odontoideum; between the identical twins and the unrelated patients with os odontoideum; and finally, between all patients with os odontoideum and all controls without os odontoideum.
Sample collection and RNA preparation
Blood samples were collected via venipuncture from all patients into 5 ml collection tubes containing EDTA and immediately placed on ice. Total RNA from the blood cell pellet of each sample and isolated mRNA for gene expression profiling using the miRVana RNA isolation kit (Ambion, Grand Island, NY).
mRNA qRT-PCR array assays and data analysis
A total of 1 µg of RNA of each sample was used for gene expression profiling. Gene expression profiling was performed on the HT7900 real-time PCR system (Applied Biosystems, Foster City, CA) using custom TaqMan array cards (Applied Biosystems, Supplement 1) on all RNA samples. Reverse transcription was performed using the High Capacity cDNA Reverse Transcription Kit (Applied Biosystems) according to manufacturer's protocol. Amplification using the custom Taqman (endogenous control) CACNA1F-Hs00913730_m1 CALM3-Hs00270914_m1 CDKN1A-Hs00355782_m1 CREB1-Hs00231713_m1 EIF4E-Hs00908915_g1
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array cards was performed using the . The Benjamini-Hochberg method [5] was applied to minimize the false discovery rate. An adjusted P < 0.05 was set as the criterion for significance of differential expression. FiRe Macro [15] was used in Microsoft Excel (Microsoft Corporation, Redmond, WA) to generate heatmaps of the normalized RNA expression levels.
Functional analysis
To better understand the functions of the differentially expressed mRNAs, we performed a NCBI Gene search [28] using the test RNA as a key word to compile known functions of this mRNA. We report the NCBI Gene Summary of selected genes in Tables 1, 3 , and 4.
RESULTS
A comparison between the identical twins with os odontoideum (Twins) to the four control subjects (non-os) revealed 213 statistically significant differences in gene expression. The top 30 genes and a brief summary [23, 28] of their function are provided in Table 1 . Nine genes were expressed in the Twins at levels greater-than 100 times that of the non-os group. CACNG6 showed a 565-fold increase in expression in the Twins (P < 0.05). This mRNA is derived from a gene located on chromosome 19p13.4 and encodes the gamma-6 subunit of the voltage dependant calcium channel. PHEX expression was 447-fold higher in the Twins (P < 0.005). The PHEX mRNA encodes a transmembrane zinc-dependent endopeptidase involved in bone and dentin mineralization and renal phosphate reabsorption. CACNA2D3 showed a 125-fold increase in the Twins (P < 0.005). This gene is located on chromosome 3p21.2 and encodes the alpha-2/delta-3 subunit in the voltage-dependent calcium channel. Interleukin 2 (IL2) was increased 116-fold in the Twins (P < 0.0005); this gene is located on 4q26-q27 and encodes an inflammatory cytokine that is important for T-and B-cell proliferation. FAS was increased 113-fold in the Twins (P < 0.05); this gene is located on chromosome 10q24.1 and encodes a transmembrane protein important in mediating the extrinsic pathway of apoptosis. It is also involved in transducing proliferative signals from normal fibroblasts and T-cells. TUFT1 was increased 109-fold (P < 0.005) in the Twins; this gene is located on chromosome 1q21 and is involved in the mineralization and structural organization of enamel. KIT was increased 107-fold in the Twins (P < 0.0005); this gene is located on 4q11-q12 and encodes a transmembrane receptor for mast cell growth factor. It is a proto-oncogene and mutations are associated with malignancies (e.g. gastrointestinal stromal tumor and acute myelogenous leukemia). TGFBR2 was increased 102-fold in the twins (P < 0.05). This gene is located on chromosome 3p22 and encodes a transmembrane Ser/ Thr protein kinase related to cell proliferation. Mutations have been associated with Marfan syndrome, Loeys-Dietz Aortic Aneurysm Syndrome and various malignancies. IGF2 was increased 101-fold in the Twins (P < 0.05); this gene is located on 11p15.5 and encodes a member of the insulin-like growth factors that is a major fetal growth factor. Complete results of all 213 genes with significant differences in expression between the Twins and non-os groups are shown in Table 2 .
Comparing the Twins with the two unrelated patients with os odontoideum (non-Twin os) revealed six genes with statistically significant differences in expression. These genes and a brief summary of their functions are presented in Table 3 . CAMK4 was increased 31-fold in the Twins as compared with the non-Twin os patients (P < 0.05). This gene is located on chromosome 5q21.3 and encodes a calcium-calmodulin dependent Ser/Thr kinase. ATF1 was increased 23-fold in the Twins (P < 0.05); this gene is located on chromosome 12q13 and encodes an activating transcription factor and fusion products have been implicated in angiomatoid fibrous histiocytoma and clear cell sarcoma. Expression of PLCG1 was increased 21-fold in the Twins (P < 0.05). This gene encodes gamma-1 phospholipase-C and is located on chromosome 20q12-q13.1. TAB1 was increased 21-fold (P < 0.05); this gene is located on chromosome 22q13.1 and encodes a protein involved in the regulation of the MAP kinase pathway. E2F3 was increased 19-fold (P < 0.05). This gene is located on chromosome 6p22 and encodes a protein regulator of the cell cycle. ATF4 was found to be elevated 14-fold in the Twins (P < 0.05); this gene is located on chromosome 22q13.1 and encodes a transcription factor that modulates DNA transcription in response to cAMP.
Comparing both the Twins and non-Twin os (Os) to the non-os group revealed no statistically significant differences in gene expression. We report the 10 genes with the greatest fold-change and an unadjusted P < 0.1 [ Table 4 ]. The protein encoded by this gene is a member of the TNF-receptor superfamily. This receptor contains a death domain. It has been shown to play a central role in the physiological regulation of programmed cell death, and has been implicated in the pathogenesis of various malignancies and diseases of the immune system. The interaction of this receptor with its ligand allows the formation of a death-inducing signaling complex that includes Fas-associated death domain protein (FADD), caspase 8, and caspase 10. The autoproteolytic processing of the caspases in the complex triggers a downstream caspase cascade, and leads to apoptosis. This receptor has been also shown to activate NF-kB, MAPK3/ERK1, and MAPK8/JNK, and is found to be involved in transducing the proliferating signals in normal diploid fibroblast and T cells. Several alternatively spliced transcript variants have been described, some of which are candidates for nonsense-mediated mRNA decay (NMD binds both basic and acidic fibroblast growth factor and mediates cell differentiation and mitogenesis. Mutations in this gene are associated with Pfeiffer syndrome, Jackson-Weiss syndrome, Antley-Bixler syndrome, osteoglophonic dysphagia, and autosomal dominant Kallman syndrome 2. IPO8 was increased 25-fold; this gene is located on chromosome 12p11.21 and encodes a protein that modulates Ran GTPase activity. STAT1 was increased 24-fold; this gene is located on chromosome 2q32.2 and encodes a protein that serves as a transcription activator in response to cytokine and growth factor signaling. In addition to the 10 genes reported above, COL1A1 was found to be elevated 14.8-fold (P = ns) and BMP3 was elevated 6.6-fold (P = ns) in the Os group. The COL1A1 gene is located on chromosome 17q21.23 and encodes the pro-alpha1 chain of type-1 collagen, which is found in most connective tissues and is abundant in bone.
Mutations in COL1A1 are associated with osteogenesis imperfect types I-IV, Ehlers-Danlos syndrome type VIIA, Ehlers-Danlos syndrome Classical type, Caffey disease and idiopathic osteoporosis. BMP3 (osteogenin) is a gene that is located on chromosome 4q21 and encodes a member of the TGF-B superfamily that induces bone formation.
DISCUSSION
The identification of a pair of identical twins without a history of trauma both harboring os odontoidea of nearly identical morphology [ Figures 1 and 2 ] lends further support to the concept of a congenital etiology for this disorder at least for some individuals. While the traumatic hypothesis has been widely supported, it is clear from this and other studies [7, 18, 19, 33, 42] that the development an os odontoideum may result from a different process. Some cases may be clearly traumatic in origin and as such represent odontoid fracture nonunions, others have a congenital etiology and there may be a few that represent a combination of the two.
Numerous case reports and case series attest to the rarity of this anomaly and neither the overall incidence nor the prevalence is well documented. The closest (albeit flawed) estimate is provided by Sankar et al., [33] who noted a 3.1% prevalence of os odontoideum following a review of all abnormal radiographs at the Children's Hospital of Philadelphia. In this series of 16 patients, only 3 individuals were identified as having a clinical history compatible with a traumatic etiology, while 6 harbored associated cervical spine anomalies. If one accepts the existence of both a traumatic and congenital etiology, [33] the question of whether these two separate etiologies result in distinct clinical disorders, especially with regards to ligamentous competency and overall spinal stability must be addressed as this may impact the natural history and accordingly treatment recommendations.
MMP8 was increased 95-fold in Os patients (P = ns); this gene is located on chromosome 11q22.3 and encodes a matrix metalloproteinase that is stored in neutrophil granules and functions in the degradation of collagen types I, II and III. KIT was elevated 58-fold in the Os patients (P = ns). HIF1A was elevated 43-fold in the Os group. This gene is located on chromosome 14q23.2 and encodes the alpha subunit of hypoxia-inducible factor-1, a transcription factor, which functions in cellular homeostasis in response to hypoxia. CREB3 was elevated 41-fold in the Os group; this gene is located on chromosome 9p13.3 and encodes a transcription factor that regulates cell proliferation. CREB3 is involved in establishing latent herpes simplex virus infections and also plays a role in leukocyte migration, tumor suppression, and endoplasmic reticulum stress-associated protein degradation. YWHAZ was elevated 36-fold in the os patients (P = ns); this gene is located on chromosome 8q23.1 and belongs to the 14-3-3 family of proteins. It is involved in signal transduction and has been shown to interact with the insulin receptor-substrate-1 protein. TGFBR1 was elevated 32-fold in os patients (P = ns); it is located on chromosome 9q22 and encodes a Ser/Thr protein kinase involved in signal transduction. NFKB2 was elevated 27-fold in the os group. The gene is located on chromosome 10q24 and encodes the beta-subunit of the NF-kB transcription factor complex, which serves to activate inflammatory responses. FGFR1 was elevated 25-fold (P = ns) in the os patients. This gene is located on 8p12 and encodes a tyrosine-kinase protein that This study identified a litany of significant differences in gene expression (213/380 genes in total) between the Twins with the non-os group. Notably, these genes have biological functionality related to bone formation and maintenance. PHEX, a gene involved in bone mineralization, was elevated 447-fold in the Twins. TUFT1, another gene related to mineralization (of enamel), was increased 109-fold. TFGBI, a gene that mediates cell-collagen interactions and is thought to be involved in endochondral bone formation, was elevated 92-fold. MMP8, a neutrophil MMP that breaks down collagen types I, II, and III, was elevated 90-fold in the Twins. RUNX2, encodes a transcription factor that induces osteoblastic differentiation and is critical in skeletal morphogenesis, was elevated 66-fold in the Twins. Though none of the expression profiles comparing the os patients to the non-os subjects held statistical significance, we found trends in genes similarly involved in bone development and maintenance. MMP8 again was elevated 95-fold; FGFR1 was elevated 25-fold; COL1A1 was elevated 15-fold and BMP3 was elevated 7-fold. Further investigation of these genes may aid in further understanding of the cellular and molecular pathogenesis of os odontoideum.
This study is compromised by the small sample size, which may, in part, be responsible for the lack of statistical significance in the trends in gene expression profile that we found between the os and non-os groups. We opted to include the gene expression profile from the Twins' mother in order to control for potential hereditary gene expression patterns unrelated to os odontoideum. The comparison group does not contain age-matched cases, adding a potential confounding variable. There is also the limitation of data selection: There were over 200 genes with significant differences in expression profiles between the Twins and the non-os controls. The strategy employed to overcome this potential problem was to focus on those genes with the greatest magnitude of change. Though this approach allows for a concise and informative presentation of the results, it may have excluded some relevant gene profiles.
CONCLUSION
Os odontoideum has multiple etiologies, both congenital and traumatic and perhaps some cases represent a combination of the two. Further definition of each type and examination of their relative prevalence will be informative. Moreover, investigation of the relevance of this distinction as to the clinical evaluation, natural history, and treatment is appropriate. We have identified a number of genes that show increased expression in a pair of twins with congenital os odontoideum and also demonstrated trends in gene expression profiles between a larger group of os odontoideum patients and non-os patients. A number of these genes are related to bone morphogenesis and maintenance. Further investigations of the molecular biology of these genes may confer a greater understanding of this anomaly. 
